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Multi-frequency sound production 
and mixing in graphene
M. S. Heath  & D. W. Horsell  
The ability to generate, amplify, mix and modulate sound in one simple electronic device would 
open up a new world in acoustics. Here we show how to build such a device. It generates sound 
thermoacoustically by Joule heating in graphene. A rich sonic palette is created by controlling the 
composition and flow of the electric current through the graphene. This includes frequency mixing 
(heterodyning), which results exclusively from the Joule mechanism. It also includes shaping of the 
sound spectrum by a dc current and modulating its amplitude with a transistor gate. We show that 
particular sounds are indicators of nonlinearity and can be used to quantify nonlinear contributions 
to the conduction. From our work, we expect to see novel uses of acoustics in metrology, sensing and 
signal processing. Together with the optical qualities of graphene, its acoustic capabilities should inspire 
the development of the first combined audio-visual nanotechnologies.
Thermoacoustic sound is produced by a material without physical movement. In terms of applications, this has 
been its principle distinction from other generation mechanisms. It has been observed in many thin film con-
ductors1–5 including graphene6–10, reduced graphene oxide11, 12 and graphene foams13, 14. The exceptionally high 
thermal conductivity15 and low heat capacity16 of graphene make it the quintessential material for investigating 
thermoacoustics. Up to now, the thermoacoustic process has been considered too uncontrollable and inefficient 
to be of scientific or practical interest. The focus has been to improve the efficiency of the transduction. Joule heat 
in graphene is lost via several routes17, 18. How it is lost is not only of fundamental importance but also key to ther-
mal management applications19, 20. Loss in the form of light emission has been observed21–23. However, the most 
significant loss is to the substrate supporting the graphene. This is why the drive to greater efficiency has led to 
attempts to optimise the substrate, the ultimate being to remove it altogether. Practical applications will generally 
require a substrate, limiting the material choices and resulting efficiency. What has been largely overlooked so far 
is the role of the electronic properties. This role is the focus of our work.
The Joule heating mechanism acts as an ideal mixer for heterodyne generation. As we will show, heterodynes 
at the sum and difference of the source frequencies are generated most efficiently when the conductance is linear. 
(We will see later what happens in the case of nonlinearity). This is in stark contrast to traditional heterodyning 
systems that require a nonlinear element to mix the input signals (for example, diodes in electronics and nonlin-
ear crystals in optics). Heterodyning is used extensively in telecommunications and signal processing, and has 
been suggested to be involved in bat echolocation24. It is finding new uses in acoustic metrology25, gas sensing26 
and chemical spectroscopy27. As such, controllable heterodyning via a linear element will make a mark in a wide 
variety of fields.
The sound in air resulting from Joule heating can be modelled relatively simply2. The sound pressure
δ =p fP
r
, (1)
where P is the power. The linear dependence of this sound pressure on frequency, f, is a hallmark of thermoacous-
tic generation. We assume here that r, the distance from the source, is large compared to the lateral size, L, of the 
graphene and that the sound is measured only along the surface normal. Therefore, sound is measured in the far 
field, r > L2f/4va, and the graphene acts as a point source, L ≪ va/f 28. The parameter, E contains the thermal prop-
erties:  pi= e v3 /4r a
2, where er is the thermal effusivity of the air relative to the whole system and va is the velocity 
of sound in air. (Full details of the derivation can be found in Supplementary Information Section (SS) 1).
The power dependence of the sound pressure is the key to unlocking the potential of thermoacoustic genera-
tion. A current, I, driven through a conductor causes a voltage, V, to drop across it. The power dissipation, P = IV, 
School of Physics and Astronomy, University of Exeter, Stocker Road, Exeter, EX4 4QL, UK. Correspondence and 
requests for materials should be addressed to D.W.H. (email: D.W.Horsell@exeter.ac.uk)
Received: 28 December 2016
Accepted: 28 March 2017
Published: xx xx xxxx
OPEN
www.nature.com/scientificreports/
2Scientific RepoRts | 7: 1363  | DOI:10.1038/s41598-017-01467-z
is a result of the Joule heating mechanism. However, the power that appears in equation (1) is not the total power 
but only the power at frequency f. A single ac current source, Icos(ωt), will result in power IV(1 + cos(2ωt))/2. 
This has components at zero frequency (dc) and the second harmonic (2ω) of the source. The dc component only 
heats the device. The 2ω component is the source of power for the sound. This is the second hallmark of ther-
moacoustic generation: an input signal at f will cause sound generation only at 2f.
What if the source was driven by a current of more than one frequency? Consider two currents, A and B, 
with amplitudes IA,B and frequencies fA,B, respectively, as shown in Fig. 1(bottom inset). The power has several 
components:
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where ωA±B ≡ ωA ± ωB and R is the resistance. This result is shown schematically in Fig. 1a. The powers Pi generate 
sound δpi at frequency fi. The first three terms are what we expect from a linear superposition of two independent 
sources. The last two terms are heterodynes: the sum and difference frequencies of the sources.
Results and Discussion
We present results and analysis of the generation of sound in air from monolayer graphene field-effect transis-
tors (FETs). A schematic of one of our devices is shown in Fig. 1(top inset). To explore a wide range of electrical 
parameters, we measured a total of 16 back-gated and top-gated FETs, the resistances of which varied in the 
overall range 10 Ω to 20 k Ω. For all devices, the graphene was etched to a square shape of side L = 6 mm. The 
back-gated FETs were graphene on SiO2 (300 nm)/p+Si substrates. The p+Si formed the back gate electrode, sep-
arated from the graphene by the SiO2 layer. The top-gated FETs were graphene on quartz substrates. The top 
gate was formed by a lithium perchlorate-based electrolyte29–31. (For full details, see Methods and SS2, 3). Sound 
pressure above the graphene was measured with a calibrated condenser microphone. We used a lock-in technique 
to resolve both the magnitude and phase (relative to the source) of the sound (SS4 and Figure S1). This technique 
gave a sufficiently high signal-to-noise ratio that acoustic isolation of the system was not required.
To facilitate ease of comparison later, it will often be useful to normalise the sound pressure by one or more of 
the parameters in equation (1). To indicate this, the parameter(s) of normalisation will appear as a superscript to 
δp. For instance, normalisation by the distance δpr ≡ δpr, frequency, δpf ≡ δp/f and power δpP ≡ δp/P allow ease 
Figure 1. Thermoacoustic generation. (a) The sound spectrum (right) resulting from two current sources 
(left) of differing frequency and amplitude. This is shown schematically in the bottom inset. The frequency 
and relative magnitude of the sound components are indicated. (The power at each frequency is found by 
multiplying the relative magnitudes by R/2). The heterodynes (cyan) only exist in the presence of both sources. 
The transistor is shown in the top inset, with electrodes (gold), 6 mm square monolayer graphene (grey), 
substrate (blue), and electrical connections (black) to the electrodes and gate. (b) Acoustic response (blue) to an 
ac bias voltage V (black) in a back-gated graphene field-effect transistor. An individual source at frequency fA,B 
causes a response at the second harmonic 2fA,B. (c) Two frequency sources applied together produce not only the 
second harmonic responses but also the sum heterodyne frequency at fA+B = 19 kHz.
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of comparison of data taken at different distances, frequencies and powers without further analysis. Bias- and 
resistance-normalisation will also be used when full normalisation by the power is not appropriate.
Second harmonic generation. Second harmonic sound generation results from a source driven by a single 
frequency ac current. An example of this is shown in Fig. 1b. We used this to investigate the individual com-
ponents of equation (1). Figure 2a shows the sound pressure spectra resulting from an ac bias voltage for both 
back- and top-gated FETs. The predicted sound pressure spectra from equation (1) are shown as dashed lines. 
The parameters used in the equation were either experimentally determined or established material properties 
(SS5 and Table S1). The thermal properties contained within E dictate the absolute magnitude of the sound. The 
back-gated FETs have relatively large substrate effusivity, ∼104 JK−1m−2s−0.5 (compared to values of ∼10 and 103 
for air and quartz, respectively; Figure S2), and produced the quietest response; the loudest response was pro-
duced by graphene on quartz substrates (the top-gated FETs before the electrolyte was deposited). The overall 
linear dependence of δp2 on frequency verified the thermoacoustic nature of the signal and allowed us to calculate 
δpf. The fine structure in the sound spectra was fully reproducible and found to be the result of phase variation 
as the sound wavefronts pass the microphone surface (SS6 and Figure S3). Figure 2b shows δp2 as a function of 
inverse-separation. The linear increase with 1/r is that expected for a point source. By verifying this, it was possi-
ble to calculate δpr from measurements made at any separation within the experimental range.
The power dependence of the sound is more subtle than the frequency and separation dependences. Figure 2c 
shows this dependence for the equilibrium device temperature, Teq, and the sound pressure. The back-gated FETs 
were found to reach high temperatures at high ac biases. This allowed us to explore the mechanisms of heat loss 
other than sound from the devices. The temperature was found using a calibrated thermal camera, Fig. 2c(top). 
To a good approximation for powers up to 20 W, Teq = aP+T0, where a ≈ 6 K/W and T0 = 293 K. This temperature 
is a result of the Joule heat produced in the device balanced by the convective and radiative heat losses to the 
surrounding air. The expected dependence (SS7) is shown in the figure (and Figure S4). A fit of the theory to the 
sound pressure is shown in Fig. 2c(bottom). The sublinearity at high powers is accounted for through the effect of 
the equilibrium temperature on the speed of sound in air immediately above the graphene (SS5). For the follow-
ing experiments, we kept the power low (<10 W) to be in the linear regime and to calculate δpP.
Figure 2. Second harmonic generation. (a) Sound pressure spectra from a range of devices (measured at 
r = 50 mm). The bottom blue group are spectra from four back-gated FETs. The top red group are spectra from 
four top-gated devices before the electrolyte was deposited. The middle green group are spectra from two top-
gated FETs after electrolyte deposition. Different line types designate device data within groups. In all cases, 
Vg = 0. The expected dependences from equation (1) are shown as dashed lines of the same colour as the data. 
Indicative sound pressure levels, 20log(δprf/δpref), where δpref = 20 μ Pa m kHz−1, are shown as horizontal dotted 
lines. (b) Sound pressure from a back-gated FET with a source power of 3.4 W as a function of inverse device-
microphone separation. The sound pressure has been averaged over the frequency range 20–50 kHz. (c) (Top) 
Device temperature measured in two back-gated FETs (differentiated by colour) and calculated (line) as a 
function of source power. (Bottom) Sound pressure at f2 = 40 kHz (measured at r = 50 mm) for the same devices. 
The solid line is the expected dependence from equation (1).
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First harmonic generation. By adding a dc current to the ac current, sound can be generated at the same 
frequency as the source. This first harmonic generation can be seen in Fig. 1a to result from the combination of 
the sum and difference heterodynes (where fB = 0). The second harmonic from the ac current remains; the dc cur-
rent feeds into the dc power loss, P0. Therefore, the device generates both second and first harmonic sound simul-
taneously. If the magnitudes of the ac and dc currents are equal, the first harmonic sound, δp1, is four times larger 
than the second harmonic. This is not of particular note in itself, but its linear dependence on the dc current is. To 
explore this, we recast the expression for the power as P1 = 2VdcVac/R to clearly define the dc and ac components.
The expression for the power at the first harmonic indicates that the sound at this harmonic can be amplified 
by increasing the dc bias. Figure 3a shows the sound as a function of dc bias at a fixed ac bias of 20 V. We see a 
linear increase of δp1 and a flat response of δp2. For sound reproduction, this is ideal as the second harmonic can 
be kept below the threshold of hearing (20 μPa) and ‘volume’ of the first harmonic can be tuned by the dc bias.
The balance between the two harmonic sounds can be achieved by varying the experimental parameters. 
Figure 3b shows δp1(Vdc, Vac). The magnitude of the first harmonic increases linearly with both Vac and |Vdc| and is 
roughly symmetric about Vdc = 0. In contrast, δp2 has no dependence on Vdc, Fig. 3a, but increases quadratically 
with Vac. (In fact, as will be shown later, δp2 does have a small dependence on Vdc). As a result, for a given {Vdc, Vac} 
either the first or second harmonic can dominate. The regions are delineated in the figure. The boundary δp1 = δp2 
is linear, as expected from equations (1) and (2).
The boundary between first and second harmonic sound dominance is frequency dependent. We investigated 
this dependence explicitly for the phase of both harmonics. Figure 3c shows the phase of the first and second 
harmonics as a function of dc bias. The second harmonic behaves as we expect: like the magnitude, the phase 
is independent of dc bias. In contrast, irrespective of frequency, the phase of the first harmonic switches by half 
a cycle around Vdc = 0. This can be seen to result from the linear dependence of δp1 on this bias. The direction 
of the switch does depend on frequency: by changing the frequency through one period, Δ(1/f) = r/va, (SS6) its 
direction about Vdc = 0 is reversed.
The dc bias can be used to arbitrarily shape the sound spectrum. For example, to create a white (flat) sound 
spectrum, the dc bias must be inversely proportional to the frequency. Experimentally, by applying such a bias 
Figure 3. Bias control of the first harmonic generation. (a) Sound pressure measured at the first (blue) and 
second (green) harmonics of the source frequency as a function of dc bias across a back-gated FET. The sound 
pressure values are averaged over the frequency ranges fi = 38–42 kHz, i = 1, 2. The solid line is a linear fit to 
the first harmonic data; the dashed line is 〈δp〉 = 8μPa. P2 was fixed at 0.1 W for all measurements. (b) The 
first harmonic sound as a function of both ac and dc bias at f = 12 kHz. The second harmonic sound increases 
quadratically with Vac: the yellow symbols indicate where, experimentally, δp1 = δp2. (c) The phase of the first 
(black at f1 = 12 kHz; red at f1 = 15 kHz) and second (green) harmonic as a function of dc bias. (d) Example of 
a flat first harmonic sound spectrum (solid lines) created by decreasing the dc bias as Vdc = Vref(fref/f), where 
Vref = 10 V at fref = 1 kHz. The ac bias was fixed at 10 V. The applied dc biases are shown (in Volts) as dotted lines 
in colours corresponding to the sound spectra, which have been normalised to Vref for comparison.
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we observe this white spectrum from 1 to 50 kHz, Fig. 3d. By minimising the fine structure (an experimental 
artefact), this example alone could easily find use as a calibration sound source.
Heterodyne generation. By sourcing ac currents at two frequencies, acoustic heterodynes can be generated 
at the sum and difference of these frequencies. The power at the heterodynes,
=±P I I R, (3)A B A B
is a simple combination of the current amplitudes and resistance. We can use equation (3) to test the ideal mixing 
expected from the Joule heating mechanism. An example of the acoustic sum heterodyne is shown in Fig. 1c. 
Figure 4a shows that if the frequency difference between the sources is maintained then the sound pressure at the 
heterodyne is independent of the absolute values of the source frequencies and increases linearly with the bias. 
(The slight suppression with increasing fA is due to capacitive loss). The only observed deviation from this behav-
iour occurs when the heterodyne coincides with the second harmonic frequency of one of the sources. In this 
instance, a quadratically increasing envelope of the pressure occurs with increasing bias (see Methods).
Homodyning occurs when the two source frequencies are equal. Homodynes are sensitive to the phase 
shift between the sources. As such, they are commonly used in optical and acoustic detection systems. In ther-
moacoustics, the two sources generate sound only at the second harmonic. This can be seen from Fig. 1a. The sum 
heterodyne combines with the second harmonics of the individual sources; the difference heterodyne adds to 
the dc power loss. Figure 4b shows the second harmonic sound as a function of the phase difference between the 
sources. Although the contribution of this phase in equation (2) appears rather complex, the effect on the magni-
tude of the sound is simple: if the phase difference is zero, the sound is maximised; if it is half a cycle, the sound 
is turned off. The sensitivity of the homodyne sound to this phase would make it useful as a detector of electronic 
phase changes in one of the sources.
Sound gating. Beyond its thermal properties, graphene plays two further roles in the sound generation. 
First, its electrical properties can be tuned by the transistor gate. This tuning could be used to switch or modulate 
the sound output. Second, it allows us to invert our original question: could we use the sound generation to reveal 
something about the conduction in graphene? Gate control of the sound output is possible in a field-effect tran-
sistor. The resistance and sound were measured by applying a gate voltage, Vg, between the graphene and the gate 
electrode. Figure 5a,b shows measurements of the conductance, G = 1/R, and sound pressure as a function of Vg 
for a back-gated FET (see Methods). As Vg increases, the conductance decreases, approaching a minimum at 
Vg = VD. In the limit P → 0, this minimum occurs at ∼140 V, which is coincident with the Dirac point (the energy 
at which the conduction and valence bands meet). In order to observe and compare the explicit dependence of 
δp1,2 on R(Vg), they were normalised by the applied biases (see equation (2)): δ δ≡p p V V/(2 )V1 1 dc ac ; 
δ δ≡p p V/( /2)V2 2 ac
2 . It can be seen that both harmonics are indeed proportional to 1/R, as predicted. As a result, 
the magnitudes and relative phases of the sounds generated at f1 and f2 can be completely specified by the set {Vdc, 
Vac, Vg}.
The gate control could be used to switch the sound on and off. Figure 5c shows G(Vg) for a top-gated device for 
powers from 0.05 W to 0.5 W (see Methods). The conductance minimum is seen to occur at VD∼0.6 V and this 
shifts with increasing power by ∼0.05 V over the power range considered. The two branches about VD do not vary 
up to 0.2 W; at higher powers they typically become less conductive. As with the back-gated FETs, the sound pres-
sure varies in a similar way to G(Vg), so for a fixed bias the gate can be used to effectively switch the sound on and 
Figure 4. Heterodyning. (a) The acoustic difference heterodyne, |fA−fB| = 16 kHz, as a function of the ac 
bias magnitude of source A. Source B had a fixed magnitude equal to the maximum of A. Different colours 
correspond to different source A frequencies: fA = 1 kHz (black), 10 kHz (red) and 100 kHz (blue). The green, 
dashed curve shows fA = 8 kHz. (b) Homodyne sound generation as a function of the phase shift, θ, between A 
and B: fA,B = 5 kHz (black) and 10 kHz (blue). The phase shift between A and B is shown schematically below.
www.nature.com/scientificreports/
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off by toggling its voltage between Vg = VD and Vg = VD − 2 V, Fig. 5d. The ‘on’ and ‘off ’ state we define at P = 1 W 
as being at sound pressure levels, 20log(δprf/δpref), of 0 dB and −20 dB, respectively. These correspond to ‘at’ and 
(an order of magnitude) ‘below’ the limit of human hearing at f = 1 kHz and r = 1 m, where δpref = 20 μ Pa m kHz−1.
Nonlinear conduction in graphene. The sound generation and gate control can be used to investigate the 
conduction mechanisms in the graphene. If the bias-normalised sound pressure in Fig. 5b is further normalised 
by the resistance, it should be constant as a function of gate voltage. However, δp is found to be enhanced as the 
gate voltage approaches VD. This is possible, if the charge transport in graphene has a nonlinear component. To 
second order in the current, the voltage
ω ω= + +V t R I R I t R I t( ) cos( ) cos ( ) , (4)0 dc 1 ac
1
2 2 ac
2 2
where R0 = Vdc/Idc is the dc resistance, R1 = dV/dI is the differential resistance, and R2 = d2V/dI2 is the 
second-differential resistance. Up to this point, we have assumed R0 = R1 ≡ R: experimentally, as R2Iac < R1 we 
continue with this assumption. As a result, the source power has additional terms of 3R2(Iac/2)3 and R2Idc(Iac/2)2 
for P1 and P2, respectively (SS8). These power components can account for the differences seen in the depend-
ences of δp1 and δp2 on Vg, if |R2| increases with Vg.
If the second-differential resistance is the origin of the enhancement then sound will be generated at the third 
harmonic. The power at this harmonic,
=P R I( /2) , (5)3 2 ac
3
depends exclusively on R2. An explicit measurement of R2 was made along with this predicted harmonic compo-
nent. Figure 6a shows R2(Vg) of a back-gated FET for different source powers. In this experiment only, the device 
was immersed in liquid helium to distinguish the effect of bias from the effect of an increase in Teq (Figure S4). 
That it is R2 and not an artefact of the resistance is shown in Fig. 6b, where the voltage drop across the channel of 
the FET at the second harmonic of the source frequency (V2) is shown to have the quadratic dependence on the 
source current (equation (4)). The origin of R2(Vg) is not important for the present discussion. (Various types of 
Figure 5. Sound gating with a field-effect transistor. (a,b) A back-gated FET. The conductance (a), and the 
first (solid green) and second (solid blue) harmonic sound (b) as a function of the back-gate voltage. The 
power-normalised sound pressures are shown as dotted lines: the units for δprfP are μ Pa m kHz−1W−1. (c,d) A 
top-gated FET. Conductance (c) and second harmonic sound (d) as a function of top-gate voltage measured at 
f1 = 18 kHz for different source powers from 0.05 W (black/green) to 0.5 W (red/blue). The ‘on’/‘off ’ state of the 
sound, described in the main text, is indicated by the blue/red shaded regions, respectively.
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nonlinear behaviour have been predicted32–34 and observed17, 35–37). The significance here is that R2 is finite and 
increases in magnitude as the gate voltage approaches the Dirac point. Figure 6c–e shows that this does indeed 
account for the observed enhancement of the sound pressure: Fig. 6c shows the direct correlation between R2 and 
δp3; Fig. 6d shows the dependence of δp2 on Vdc; and Fig. 6e shows the dependence of each harmonic on the ac 
bias. For Fig. 6e, the wide range of dc biases over which the data are averaged, and the fact that 
R I R2 dc,ac 1 
means that the predicted power-law dependence on V nac is n = 1, 2, 3 for δp1,2,3, respectively. The δp2(Vdc) depend-
ence shown in Fig. 6d can be used to estimate a value for R2 of ∼+100 ΩA−1 at Vg = 0, which is comparable to that 
measured directly in the charge transport. For sufficiently large values of R2 beyond our current experimental 
range, the second harmonic acoustic response could be turned off altogether.
In summary, we have demonstrated a highly versatile thermoacoustic sound generator ranging from audible 
to ultrasonic frequencies. The most significant result of our work was to show that the Joule heating mechanism 
in graphene controllably mixes frequency components of a current source together. This not only has applications 
in acoustics but also in signal processing where it could be used to create an acoustically-coupled, linear elec-
tronic mixer. We further showed the simplicity of this mixing in heterodyning, homodyning, amplification and 
equalisation. In addition to modulation achieved using a transistor gate, this afforded full control over the sound 
output. Such a generator has a wide range of potential applications, from multiplexing in telecommunications to 
calibrated sound sources for metrology and sensing. One of our most intriguing results was that this generation 
can be used to quantitatively measure the conduction properties of graphene. Nonlinearity in the conduction has 
important consequences for optical, electronic and thermal applications of this material so our acoustic probe will 
provide fresh insights in these areas.
Methods
Device fabrication. Back-gated graphene FETs were created from CVD-grown monolayer graphene trans-
ferred to a degenerately doped silicon substrate coated by 300 nm silicon dioxide (SS2). The electrodes were 
formed of 50 nm thick Au thermally evaporated directly onto the graphene. A thin layer of Cr was used to anchor 
the extensions of these electrodes on the silicon dioxide surface. The graphene–gold interfacial contact resistance, 
Figure 6. Third harmonic generation. (a) Second-differential resistance as a function of gate voltage of a back-
gated FET immersed in liquid helium (T = 4.2 K). The curve colour ranges from green at P = 0.007 W to blue at 
P = 0.7 W (not in equal steps). (b) The voltage drop across the device at f2 as a function of ac bias. The data 
(symbols) are taken at the gate voltages indicated by identically coloured arrows in a; the dashed lines are the 
expected Iac
2  dependence. (c) R2(Vg) in ambient conditions at P = 0.7 W shown together with the simultaneously 
measured current-normalised third harmonic sound pressure, δ δ=p p I/( /2)I3 3 ac
3 (measured at f3 = 42 kHz and 
r = 25 mm). α µ≡ − −PamkHz A1 3. (d) δp2 as a function of dc bias, normalised to its value at Vdc = 0. Curves at 
four ac biases: 10 V (black), 20 V (red), 30 V (green) and 40 V (blue). (e) First, second and third harmonic sound 
pressures as a function of ac bias. Each datum point is an average over a range of frequencies 10 < f < 14 kHz and 
dc biases −34 < Vdc < +34 V. The dashed lines are the predicted I nac dependences: n = 1 (blue), n = 2 (green) and 
n = 3 (red). β µ≡ Ω− − −PamkHz A1 1 2 n.
www.nature.com/scientificreports/
8Scientific RepoRts | 7: 1363  | DOI:10.1038/s41598-017-01467-z
determined to be ∼0.45 Smm−2, was sufficiently low (<3% of the total resistance) that it could be neglected (SS3). 
Four devices had 12 electrodes spaced around the edge of the graphene; other devices had two interdigitated elec-
trodes separated by gaps of either 200 μm or 100 μm (Figure S1). Silver paint was used to fix the device to the base 
of a ceramic chip carrier. The paint allowed electrical connection to the Si and, therefore, to measure the device as 
a field-effect transistor by applying a gate voltage between the silicon and the graphene.
Top-gated FETs were created from CVD-grown monolayer graphene transferred to quartz substrates. A 
shadow mask technique was used to evaporate four Au/Cr electrodes on the corners of the graphene (a Van 
der Pauw geometry) and an additional electrode for the gate. All devices were nominally identical. The gate was 
formed by drop casting a lithium-based electrolyte layer onto the surface of the graphene. The electrolyte source 
material was created by mixing Poly(Ethyl Oxide) with Lithium Perchlorate (in an 8:1 ratio) in methanol, ultra-
sonicating the solution for 1 hour, then centrifuging at 10,000 rpm for 5 min. The supernatant was then drop cast 
by pipette onto the graphene.
Thermoacoustic measurements. The ac voltage source was that of a lock-in amplifier (Signal Recovery 
7265), amplified by a high voltage amplifier. The sound generation was measured using a calibrated condenser 
microphone (Earthworks M50), which had a constant sensitivity across the full spectral range of the experiment, 
at distances from 50 mm to 2 m away from the device (SS4 and Figure S1). The output signal from the microphone 
was amplified (Earthworks ZDT1022) and measured by lock-in amplifiers referenced to the source frequency. 
For the dc bias measurements, a floating dc voltage source (IOtech DAC488) was connected in series with the 
ac source. The full spectral response was additionally measured using a spectrum analyser (Stanford Research 
Systems SR785). For heterodyning, sources were added together (prior to the high voltage amplification) using a 
differential amplifier (Femto DLPVA-100). To measure the magnitude of the heterodyne signal, the lock-in ampli-
fier was locked to the signal from the microphone at the heterodyne frequency (i.e. it uses the measured signal 
frequency as a reference as there is no real source at this frequency). The apparent periodicity seen in Fig. 4a is a 
temporal aliasing artefact caused by this different method of measurement.
The sound gating of the back-gated FETs required large voltages to be applied. To avoid breakdown of the gate 
dielectric in air, which would normally occur above |Vg| ∼ 30 V, a steady stream of helium gas was directed across 
the device throughout. With this stream, the breakdown voltage was extended to ∼180 V. In top-gated FETs, the 
electrolyte forming the gate fails at Vg ∼ 2 V31. As the resistances of the top-gated devices ranged from 2–200 kΩ, 
biases much greater in magnitude than this voltage were required to source sufficient power to generate sound. 
To apply such biases, we used the fact that the ions in the electrolyte are slow to respond to changes in the applied 
gate voltage: the maximum slew rate, ΔVg/Δt, calculated from transient response measurements was found to be 
∼10−2 V s−1. The rate of source signal change (104–106 V s−1) is much higher than this slew rate and, as a result, 
ac source–drain biases well over an order of magnitude larger than the gate voltage range could be applied to the 
channel without any gating artefacts.
Electrical and thermal measurements. The differential resistance was determined by measuring the 
voltage drop across the device together with the voltage drop across a ballast resistor (1 kΩ, 50 W) in series with 
the device. These were measured simultaneously by lock-in amplifiers referenced from the source. Surface tem-
peratures were measured using a thermal imaging camera (FLIR E6). Calibration of the camera was performed 
by measuring the surface temperature of a device in a calibrated heating stage (Linkam THM600) at a number of 
fixed stage temperatures.
References
 1. Vesterinen, V., Niskanen, A. O., Hassel, J. & Helistö, P. Fundamental efficiency of nanothermophones: Modeling and experiments. 
Nano Letters 10, 5020–5024, doi:10.1021/nl1031869 (2010).
 2. Daschewski, M., Boehm, R., Prager, J., Kreutzbruck, M. & Harrer, A. Physics of thermo-acoustic sound generation. Journal of 
Applied Physics 114, 114903, doi:10.1063/1.4821121 (2013).
 3. Bin, J., Oates, W. S. & Taira, K. Thermoacoustic modeling and uncertainty analysis of two-dimensional conductive membranes. 
Journal of Applied Physics 117, 064506, doi:10.1063/1.4908067 (2015).
 4. Aliev, A. E. et al. Alternative nanostructures for thermophones. ACS Nano 9, 4743–4756, doi:10.1021/nn507117a (2015).
 5. Brown, J. J., Moore, N. C., Supekar, O. D., Gertsch, J. C. & Bright, V. M. Ultrathin thermoacoustic nanobridge loudspeakers from ald 
on polyimide. Nanotechnology 27, 475504, doi:10.1088/0957-4484/27/47/475504 (2016).
 6. Tian, H. et al. Single-layer graphene sound-emitting devices: experiments and modeling. Nanoscale 4, 2272–2277, doi:10.1039/
C2NR11572G (2012).
 7. Tian, H. et al. Graphene earphones: Entertainment for both humans and animals. ACS Nano 8, 5883–5890, doi:10.1021/nn5009353 
(2014).
 8. Suk, J. W., Kirk, K., Hao, Y., Hall, N. A. & Ruoff, R. S. Thermoacoustic sound generation from monolayer graphene for transparent 
and flexible sound sources. Advanced Materials 24, 6342–6347, doi:10.1002/adma.201201782 (2012).
 9. Tian, Y. et al. Coherent generation of photo-thermo-acoustic wave from graphene sheets. Scientific Reports 5, 10582, doi:10.1038/
srep10582 (2015).
 10. Kim, C. S. et al. Free-standing graphene thermophone on a polymer-mesh substrate. Small 12, 185–189, doi:10.1002/smll.201501673 
(2016).
 11. Tian, H. et al. Graphene-on-paper sound source devices. ACS Nano 5, 4878–4885, doi:10.1021/nn2009535 (2011).
 12. Tian, H., Yang, Y., Xie, D., Ge, J. & Ren, T.-L. A reduced graphene oxide sound-emitting device: a new use for joule heating. RSC Adv. 
3, 17672–17676, doi:10.1039/C3RA42983K (2013).
 13. Fei, W., Zhou, J. & Guo, W. Low-voltage driven graphene foam thermoacoustic speaker. Small 11, 2252–2256, doi:10.1002/
smll.201402982 (2015).
 14. Kim, C. S. et al. Application of n-doped three-dimensional reduced graphene oxide aerogel to thin film loudspeaker. ACS Appl. 
Mater. Interfaces 8, 22295–22300, doi:10.1021/acsami.6b03618 (2016).
 15. Seol, J. H. et al. Two-dimensional phonon transport in supported graphene. Science 328, 213–216, doi:10.1126/science.1184014 
(2010).
www.nature.com/scientificreports/
9Scientific RepoRts | 7: 1363  | DOI:10.1038/s41598-017-01467-z
 16. Pop, E., Varshney, V. & Roy, A. K. Thermal properties of graphene: Fundamentals and applications. MRS Bulletin 37, 1273–1281, 
doi:10.1557/mrs.2012.203 (2012).
 17. Price, A. S., Hornett, S. M., Shytov, A. V., Hendry, E. & Horsell, D. W. Nonlinear resistivity and heat dissipation in monolayer 
graphene. Phys. Rev. B 85, 161411, doi:10.1103/PhysRevB.85.161411 (2012).
 18. Rengel, R., Pascual, E. & Martín, M. J. Influence of the substrate on the diffusion coefficient and the momentum relaxation in 
graphene: The role of surface polar phonons. Applied Physics Letters 104, 233107, doi:10.1063/1.4882238 (2014).
 19. Balandin, A. A. Thermal properties of graphene and nanostructured carbon materials. Nature Materials 10, 569–581, doi:10.1038/
nmat3064 (2011).
 20. Yan, Z., Nika, D. L. & Balandin, A. A. Thermal properties of graphene and few-layer graphene: applications in electronics. IET 
Circuits, Devices & Systems 9, 4–12, doi:10.1049/iet-cds.2014.0093 (2015).
 21. Lawton, L. M., Mahlmeister, N. H., Luxmoore, I. J. & Nash, G. R. Prospective for graphene based thermal mid-infrared light emitting 
devices. AIP Advances 4, 087139, doi:10.1063/1.4894449 (2014).
 22. Kim, Y. D. et al. Bright visible light emission from graphene. Nature Nanotechnology 10, 676–681, doi:10.1038/nnano.2015.118 
(2015).
 23. Wang, X. et al. A spectrally tunable all-graphene-based flexible field-effect light-emitting device. Nature Communications 6, 7767, 
doi:10.1038/ncomms8767 (2015).
 24. Veselka, N. et al. Laryngeally echolocating bats reply. Nature 466, E7, doi:10.1038/nature09157 (2010).
 25. Koukoulas, T., Robinson, S., Rajagopal, S. & Zeqiri, B. A comparison between heterodyne and homodyne interferometry to realise 
the si unit of acoustic pressure in water. Metrologia 53, 891–898, doi:10.1088/0026-1394/53/2/891 (2016).
 26. Kulkarni, G. S., Reddy, K., Zhong, Z. & Fan, X. Graphene nanoelectronic heterodyne sensor for rapid and sensitive vapour detection. 
Nature Communications 5, 4376, doi:10.1038/ncomms5376 (2014).
 27. Balzerowski, P., Meister, K., Versluis, J. & Bakker, H. J. Heterodyne-detected sum frequency generation spectroscopy of polyacrylic 
acid at the air/water-interface. Physical Chemistry Chemical Physics 18, 2481–7, doi:10.1039/c5cp06177f (2016).
 28. Kinsler, L. E., Frey, A. R., Coppens, A. B. & Sanders, J. V. Fundamentals of Acoustics (Wiley, 2000).
 29. Das, A. et al. Monitoring dopants by raman scattering in an electrochemically top-gated graphene transistor. Nature Nanotechnology 
3, 210–215, doi:10.1038/nnano.2008.67 (2008).
 30. Efetov, D. K. & Kim, P. Controlling electron-phonon interactions in graphene at ultrahigh carrier densities. Phys. Rev. Lett. 105, 
256805, doi:10.1103/PhysRevLett.105.256805 (2010).
 31. Froehlicher, G. & Berciaud, S. Raman spectroscopy of electrochemically gated graphene transistors: Geometrical capacitance, 
electron-phonon, electron-electron, and electron-defect scattering. Phys. Rev. B 91, 205413, doi:10.1103/PhysRevB.91.205413 
(2015).
 32. Dóra, B. & Moessner, R. Nonlinear electric transport in graphene: Quantum quench dynamics and the schwinger mechanism. Phys. 
Rev. B 81, 165431, doi:10.1103/PhysRevB.81.165431 (2010).
 33. Gavrilov, S. P., Gitman, D. M. & Yokomizo, N. Dirac fermions in strong electric field and quantum transport in graphene. Phys. Rev. 
D 86, 125022, doi:10.1103/PhysRevD.86.125022 (2012).
 34. Yokomizo, N. Radiation from electrons in graphene in strong electric field. Annals of Physics 351, 166–199, doi:10.1016/j.
aop.2014.08.024 (2014).
 35. Kaverzin, A. A., Mayorov, A. S., Shytov, A. & Horsell, D. W. Impurities as a source of 1/f noise in graphene. Phys. Rev. B 85, 075435, 
doi:10.1103/PhysRevB.85.075435 (2012).
 36. Viljas, J. K., Fay, A., Wiesner, M. & Hakonen, P. J. Self-heating and nonlinear current-voltage characteristics in bilayer graphene. 
Phys. Rev. B 83, 205421, doi:10.1103/PhysRevB.83.205421 (2011).
 37. Khalil, H. M. W., Kelekci, O. & Noh, H. Carrier density and electric field dependent nonlinear transport of chemical vapor 
deposition graphene. Chinese Physics Letters 30, 037201, doi:10.1088/0256-307X/30/3/037201 (2013).
Acknowledgements
The authors thank M.L. Battershill for her work on the preparatory stages of this project, P.R. Wilkins for 
technical support, C.J.B. Ford (Cavendish Laboratory, Cambridge) for use of his data acquisition program for 
Acorn RiscPC, S.M. Hornett for assistance with the electrolytic gating, and S.P. Hepplestone and G.R. Nash for 
useful discussions. This work was funded by the EPSRC (EP/G036101/1).
Author Contributions
M.S.H. fabricated the devices, D.W.H. devised the experiments, D.W.H. and M.S.H. conducted the experiments, 
and D.W.H. analysed the results. D.W.H. wrote the manuscript and both authors reviewed and revised it.
Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01467-z
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
